Genetic loci containing variable numbers of tandem repeats (VNTR loci) form the basis for human gene mapping and identification, forensic analysis and paternity testing. The variability of bacterial tandem repeats has not been systematically studied. Eleven tandem repeat loci in the M. tuberculosis genome were analysed. Five major polymorphic tandem repeat (MPTR) loci contained 15-bp repeats with substantial sequence variation in adjacent copies. Six exact tandem repeat (ETR) loci contained large DNA repeats with identical sequences in adjacent repeats. These 11 loci were amplified in 48 strains to determine the number of tandem repeats at each locus. The strains bovis BCG substrains. Allele profiles were reproducible and stable, as demonstrated by analyses of multiple isolates of particular reference strains obtained from different laboratories. VNTR typing may be generally useful for strain differentiation and evolutionary studies in bacteria.
INTRODUCTION
Mycobacterium tuberculosis is the leading cause of adult death due to a single infectious agent worldwide (Raviglione et al., 1995) . Other members of the M . tuberculosis complex (Mycobacterium africanum, Mycobacterium bouis, Mycobacterium microti) also cause disease in humans and animals (Wayne & Kubica, 1986) . Although strains of the M . tuberculosis complex vary in host range, virulence and other phenotypes (National Institutes of Health, 1980; Wayne, 1982) , they Abbreviations: ETR, exact tandem repeat; MPTR, major polymorphic tandem repeat; VNTR, variable number of tandem repeats.
The GenBank accession numbers for the sequences reported in this paper are listed in Table 1 .
have highly conserved DNA sequences (Kapur et al., 1994; Frothingham et al., 1994) .
Genetic loci containing variable numbers of tandem repeats (VNTR loci) form the basis for human genetic mapping. Many medically important genes have been identified based on their linkage to a mapped VNTR locus. VNTR loci are also used for human forensic and paternity testing. Individual VNTR loci have been identified in bacteria (Andersen et al., 1996; Frknay et al., 1994; Frothingham, 1995; Goyal et al., 1994) but no systematic analysis has been reported. We undertook a systematic analysis of the variability of tandem repeat loci in the M . tuberculosis complex.
We identified 11 tandem repeat loci in the genome of M . tuberculosis H37Rv (type strain) by reviewing published literature and by searching cosmid sequences from a 0002-21 73 0 1998 SGM 11 Each allele corresponds to a different number of tandem repeat units as listed in Tables 2 and 3. genome sequencing project (Table 1) . DNA from 48 strains of the M. tuberculosis complex in these 11 loci was amplified to determine the number of tandem repeats at each locus in each strain. We included a diverse collection of 25 reference strains with a broad geographic and host distribution, including all four species of the M . tuberculosis complex ( M . tuberculosis, M. bouis, M . africanum and M . microti). We also included 23 M . bouis BCG strains which were known to be clonally derived (Fomukong et al., 1992) . (Cave et al., 1994) . DNA was used in PCR with no further purification. DNA samples were coded to blind gel readers from strain identities.
METHODS
Identification of tandem repeat loci. We identified tandem repeat loci by searching M . tuberculosis H37Rv sequence cosmids generated by the Sanger Centre in Cambridge, UK.
The cosmids themselves originated at the Institut Pasteur, Paris, France (Philipp et af., 1996) . We used the REPEAT program of the Wisconsin Sequence Analysis Package (Genetics Computer Group, 1994) to search for DNA repeats with a length of 2 4 5 bp, an identity of 2 9 0 % and with at least two copies of the repeat unit located within 200 bp. We also identified new tandem repeat loci by searching for sequences with homology to known loci.
PCR and sequencing. PCR was performed in a total volume of 25 pl. The PCR mix contained 2.5 pl GeneAmp 10 x PCR Buffer I1 (Perkin-Elmer Cetus), 2 mM MgCl,, 100 nM each primer, 200 pM each of the four dNTPs and 0.625 U AmpliTaq
Gold DNA Polymerase (Perkin-Elmer Cetus). A primer pair was designed to anneal upstream and downstream of each tandem repeat locus (Fig. 1, Table 1 ). An initial denaturation of 12 min at 95 "C was followed by 35 cycles of denaturation at 94 "C for 30 s, annealing at 60 "C for 1 min and extension at 72 "C for 2 min, followed by a final extension at 72 "C for 10 min. Multiple interspersed negative controls (reagents only, no DNA) were included each time PCR was performed. The Tables 2 and 3 . Patterns A and B correspond to particular one-and two-band IS61 10 fingerprints.
t N P , No PCR product. *Each digit of the seven-digit allele profile represents the number of copies at one of the seven VNTR loci.
positive control was 500 pg DNA from M. tuberculosis H37Rv (TMC 102, type strain). The presence and size of each PCR product was determined by electrophoresis on an agarose gel in Tris/boric acid/EDTA buffer followed by staining with ethidium bromide. PCR conditions were not specifically optimized for any of the primer pairs. Selected PCR products were sequenced directly with the Taq Dye Deoxy Terminator
Cycle Sequencing Kit on a 373A DNA Sequencer (Applied Biosystems). Both PCR primers were used as sequencing primers in each locus.
RESULTS
We searched M. tuberculosis DNA sequences present in databases, as described in Methods, and identified 11 tandem repeat loci for analysis, including five major polymorphic tandem repeat (MPTR) loci and six exact tandem repeat (ETR) loci. These loci were distributed widely in the 4600 kb M. tuberculosis H37Rv genome (Table 1) . We determined the variability of each locus by amplifying DNA from 48 strains. The PCR product amplified from M. tuberculosis H37Rv in each locus had the predicted size. PCR products from other strains were either the same size as the H37Rv product, or had sizes which corresponded to insertion or deletion of tandem repeat units. Length polymorphisms were easily identified on agarose gels (Fig. 2) . Based on the size of the PCR products, we determined the exact number of tandem repeats at each locus in each strain.
MPTR loci
The MPTR consists of 15-bp repeats with a single consensus sequence but with substantial sequence variability between adjacent repeats (Hermans et al., 1992) . We amplified the 48 strains in our panel in five MPTR loci, including four published loci (Hermans et al., 1992; Shinnick, 1987) and one locus identified by our search of cosmid sequences. One of these MPTR loci (MPTR-A) demonstrated length polymorphism, corresponding to 15,16 or 17 copies of the 15-bp repeat unit (Tables 2 and  3) . Results in the MPTR-A locus for most of these strains were published by Frothingham (1995) . The other four MPTR loci demonstrated no length polymorphisms in our panel of 48 strains.
ETR loci
One ETR locus was previously identified as a VNTR locus (Goyal et al., 1994) . We identified five additional ETR loci by searching M . tuberculosis cosmid sequences. Each of the six ETR loci contained large tandem repeats with identical DNA sequences in ad- jacent repeats (Fig. 1) . Each locus had a unique repeat sequence; repeat units ranged from 53 to 79 bp. PCR products from all six ETR loci demonstrated substantial length polymorphism in our panel of 48 strains. Thus each ETR locus was a useful VNTR locus. The number of alleles found in our panel is listed for each locus in Table 1 . Each allele corresponds to a different number of repeat units as determined by PCR. The exact number of tandem repeats at each locus in each strain is listed in Tables 2 and 3 . For example, locus ETR-D is a VNTR locus with 6 alleles in our panel. These 6 alleles consist of 1, 2, 3, 4, 6 or 7 tandem copies of the 53-bp repeat unit.
PCR product sequencing
We sequenced PCR products from some loci to confirm that our PCR products corresponded to the expected regions. Sequences of the H37Rv PCR products from loci ETR-B, -C and -D were identical to the published sequences. We also sequenced PCR products from the ETR-B and -C loci in M. bouis TMC 410. These sequences differed from those of H37Rv by exact insertions of tandem repeats (Fig. 1) . Sequence analysis of multiple PCR products in the MPTR-A and ETR-A loci also confirmed that length polymorphisms corresponded to insertion or deletion of complete tandem repeat units (Frothingham, 1995; Goyal et al., 1994) .
Reproducibility
We amplified multiple DNA samples of M . yielded no product at one locus each, possibly due to mutations or poor DNA samples.
VNTR allele profiles
When results for all seven VNTR loci were combined, 22 allele profiles were identified in the 25 M. tuberculosis complex strains ( (Table 2) . Five allele profiles were identified in the 23 substrains of M. bovis BCG (Table  3) . As expected the VNTR allele profiles of these clonally derived strains were very similar to each other, differing at only one or two loci (Fig. 3) .
Additional mutations in tandem repeat loci
For this analysis we determined only the number of tandem repeat units at each locus, based on agarose gel mobility. Our previous report also identified a nucleotide substitution in the MPTR-A locus, which was found only in BCG substrains (Frothingham, 1995) . Some PCR products from the ETR-D and -F loci varied from the predicted sizes by about 20 bp. These variations are less than the size of the tandem repeat units (77 and 79 bp, respectively) and may represent independent mutations at these loci. We plan to sequence these PCR products to identify these mutations.
Additional ETR loci
We report here detailed results for the first six ETR loci we evaluated. We have identified additional ETR loci as additional M . tuberculosis sequences have become available. As of October 1997, we have identified a total of 34 ETR loci in 111 cosmid sequences from M . tuberculosis H37Rv (data not shown). Most are similar to the ETR loci described here, consisting of large repeat units with identical or nearly identical sequence in adjacent units and lacking spacer DNA. The sizes of the repeat units range from 51 to 111 bp. We have amplified a total of 15 ETR loci in multiple M . tuberculosis complex strains. At least 13 of these loci are informative VNTR loci. It appears that most ETR loci in M . tuberculosis are VNTR loci.
DISCUSSION
DNA sequences from various M . tuberculosis strains have highly conserved DNA sequences, despite considerable phenotypic variability (National Institutes of Health, 1980; Wayne, 1982; Hoffner et al., 1993) . We analysed strains of all four species of the M . tuberculosis complex and found no nucleotide substitutions in an intergenic region which is variable in other mycobacteria (Frothingham et al., 1994; Frothingham & Wilson, 1993) . Kapur et al. (1994) sequenced a total of 200000 bp of DNA from diverse M. tuberculosis strains and found only four synonymous nucleotide substitutions. The variability we observed in seven tandem repeat loci contrasts with the sequence conservation observed in other parts of the genome. Polymorphism in tandem repeat loci may be a significant genetic mechanism underlying phenotypic variations among M . tuberculosis strains.
VNTR loci in coding regions
Both MPTR-A and ETR-A are located within large ORFs. If these ORFs are expressed, then the DNA repeats encode amino acid repeats and variations in repeat numbers lead to size variations in the proteins.
Other examples of bacterial VNTR loci occur inside ORFs (Andersen et al., 1996; Frknay et al., 1994) . As expected all reported VNTR loci within bacterial coding regions have repeat sizes which are multiples of three.
VNTR loci in intergenic regions
The other five VNTR loci in Table 1 (ETR-B to -F) were located in intergenic spacers. The ETR-B locus is located downstream from two ORFs and contains a region of hairpin symmetry which may represent a bi-directional transcription terminator. ETR-C, -D, -E and -F were all located upstream from ORFs and in some cases overlapped the beginning of the ORF. ETR-D, -E and -F were similar to each other (about 80% identity) and are all located upstream from ORFs in the same orientation. These upstream tandem repeat loci may contain regulatory elements. Each repeat of ETR-D contains an ATG start codon and each repeat of ETR-E contains a consensus bacterial ribosome-binding site (5' TGAGG-AGGAGC) adjacent to an ATG start codon. In both cases, the final start codon is followed by a large ORF but the start codons in the other repeats are followed by short and probably spurious ORFs. Variations in the number of tandem repeats in these loci may influence expression of downstream genes.
VNTR loci in other mycobacteria
Large amounts of sequence data are currently available for Mycobacterium leprae. We identified segments of M . leprae DNA with substantial homology to several M . tuberculosis ETR loci. In each case, the M . leprae sequence contained only one copy of the DNA segment with similarity to the M . tuberculosis tandem repeats. We also searched M . leprae cosmids for tandem repeat DNA but found none. However, preliminary experiments (not shown) suggest that Mycobacterium avium has tandem repeats similar to the M . tuberculosis ETR loci.
Applications of VNTR strain typing
VNTR typing is the standard method for human forensic and paternity testing and may be useful for bacterial typing. Combined analysis of seven VNTR loci differentiated M . tuberculosis complex strains with reasonable power ( 
Evolutionary studies
VNTR analysis may be useful for tracing the phylogeny of the M . tuberculosis complex. Each VNTR locus represents a different portion of the genome and the loci identified so far appear to be independent. VNTR analysis thus provides multiple independent characters for phylogenetic analysis. PCR-based VNTR analysis may be applicable to archaic DNA, allowing direct confirmation of evolutionary hypotheses.
VNTR typing compared with IS6110 fingerprinting
We used reference strains for our analyses so that VNTR typing could be compared to other methods. IS6110 is a mobile insertion element present in multiple copies in M . tuberculosis. When used as a hybridization probe, IS61 10 identifies restriction fragment length al., 1993) . We compared published IS61 10 fingerprints (Fomukong et al., 1992; Cave et al., 1991 Cave et al., , 1992 with the results of VNTR typing (Tables 2 and 3, Fig. 2 legend) . IS6110 fingerprinting appears to be more discriminative than VNTR analysis for M. tuberculosis strains with high copy numbers. IS61 10 fingerprinting distinguished the H37Rv and H37Ra strains which have identical VNTR allele profiles. Also, strains T1 and T5 differed by multiple IS6110 bands but by only one VNTR allele.
Population-based epidemiological surveys have shown that IS6110 typing has poor discriminative power in low-copy-number M. tuberculosis and M . bovis strains (Braden, 1997; van Soolingen et al., 1993 van Soolingen et al., , 1994 . IS6220 fingerprinting was less discriminative than VNTR analysis for the M. bovis BCG substrains, all of which had one or two copies of IS6110. Also, two M. bovis (not BCG) strains with identical one-band IS61 10 fingerprints had distinct allele profiles. VNTR typing may be a useful adjunct to standard IS61 10 fingerprinting. IS61 10 fingerprinting and VNTR typing are directed at different targets and should provide independent information. For example, the nine BCG substrains typed by both methods segregated into two groups by IS6110 fingerprinting, into four groups by VNTR typing and into seven groups when both analyses were combined (Table  3 ) *
Comparison to PFGE
Zhang and colleagues analysed 25 BCG substrains, including many of the substrains in Table 3 , using PFGE (Zhang et al., 1995) . They digested chromosomal DNA using enzymes with rare sites (DraI, AsnI, XbaI and SpeI) yielding large restriction fragment fingerprints. PFGE was more discriminative than either VNTR typing or IS6120 fingerprinting in these BCG substrains. However, PFGE is a difficult technique to apply to mycobacteria.
Future directions
Further research is necessary to determine the clinical significance of clusters of M. tuberculosis strains with identical VNTR allele profiles. Inclusion of additional loci will increase the discriminative power of VNTR typing. VNTR typing is probably applicable to M. auium and may be useful for other bacterial species.
NOTE ADDED IN PROOF
While this work was under review, a report was published which describes the ETR-D locus in detail and discusses intergenic loci homologous to ETR-D, ETR-E and ETR-F (Supply et al., 1997) .
